Two crystals of monoclinic hen egg-white lysozyme were irradiated in a monochromatic synchrotron Xray beam (2 = 1.488 ,~), the first as a rapidly frozen crystal mounted at the end of a glass fiber at low temperature (120 K) and the second mounted in a capillary tube at ambient temperature (298K). Comparison of oscillation photographs, extending in resolution to 1.85 A, and taken from both crystals at zero time and again after a period of exposure in the synchrotron beam (60 min exposure at 120 K; 8 min at 298 K), reveals that radiation-induced decay is not observed at 120 K but is observed, particularly at high resolution, at 298 K. In a separate set of experiments, data sets to 1.9/~ resolution at 100 and 298 K were collected from two monoclinic and two tetragonal hen egg-white lysozyme crystals using a rotating-anode source (,~ = 1.5418/~). Before inclusion of solvent molecules, the monoclinic and tetragonal structures at low temperature, where data were collected from rapidly frozen crystals, refined to R = 27.5 and 25.2%, respectively. The structures at ambient temperature, however, where crystals were mounted in capillary tubes, refined to significantly lower values of R = 20.9 and 20.6%. After inclusion of solvent, the R values at convergence were 20.3 and 17.6% for the monoclinic and tetragonal low-temperature structures and 17.9 and 16.2% for the room-temperature structures. Approximately twice the number of water molecules were included in the low-temperature structures at convergence (406 and 237) than could be assigned in the room-temperature structures (191 and 100). These results suggest that data sets from rapidly frozen crystals might generally be expected to yield higher initial R factors, compared to similar room-* To whom all correspondence should be addressed.
Introduction
Our involvement in a broader project examining protein structure and dynamics, using structures refined at multiple temperatures (Thomanek, Parak, M6ssbauer, Formanek, Schwager & Hoppe, 1973; Frauenfelder, Petsko & Tsernoglou, 1979; Hartmann, Parak, Steigemann, Petsko, RingePonzi & Frauenfelder, 1982; Frauenfelder, Hartmann, Karplus, Kuntz, Kuriyan, Parak, Petsko, Ringe, Tilton, Connolly & Max, 1987; Parak, Hartmann, Aumann, Reuscher, Rennekamp, Bartunik & Steigemann, 1987; Tilton, Dewan & Petsko, 1992) has led us to develop a technique whereby a protein crystal is rapidly frozen at the end of a glass fiber prior to X-ray data collection (Dewan & Tilton, 1987; Young, Dewan, Thompson & Nave, 1990; Young, 1991) rather than being mounted in the usual capillary tube. Some use the term 'cooled" in preference to 'frozen' under these circumstances. One advantage offered by the rapid-freeze technique, as applied to protein crystals, is that the radiation damage that normally occurs during X-ray data collection from such crystals is essentially eliminated with the result that all data can be collected from one crystal. Reviews of protein crystallography at low temperature have recently appeared (Hope, 1990; Watenpaugh, 1991) .
Historically, the first attempts to obtain diffraction patterns from protein crystals met with failure until it was realized that the crystals must be maintained in mother liquor (Bernal & Crowfoot, 1934) . If this is not the case, the crystals quickly begin to lose solvent and no longer diffract. Protein crystals are, therefore, traditionally mounted in capillary tubes along with a certain amount of mother liquor and early lowtemperature experiments cooled macromolecular crystals inside the capillary tubes (Low, Chen, Berger, Singman & Pletcher, 1966; Haas, 1968; Thomanek et a/., 1973; Petsko, 1975; Frauenfelder et al., 1979 Frauenfelder et al., , 1987 Singh, Bode & Huber, 1980; Drew, Samson & Dickerson, 1982; Hartmann et al., 1982; Walter, Steigemann, Singh, Bartunik, Bode & Huber, 1982; Parak et aL, 1987) . The technique of freezing protein crystals without using a capillary tube was first published by Haas & Rossmann (1970) . Following this initial report, the technique was not employed again until it was essentially rediscovered by several groups (Dewan & Tilton, 1987; Hope, 1985 Hope, , 1988 Muchmore & Watenpaugh, 1988 . The technique has now been used in a number of studies (Eisenstein, Hope, Haran, Frolow, Shakked & Rabinovich, 1988; Joshua-Tor, Rabinovich, Hope, Frolow, Appella & Sussman, 1988; Hope, Frolow, von B6hlen, Makowski, Kratky, Halfon, Danz, Webster, Bartels, Wittmann & Yonath, 1989; Eisenstein, Frolow, Rabinovich & Shakked, 1990; Zhou, Teeter & Heo, 1990; Earnest, Fauman, Craik & Stroud, 1991; Watt, Tulinsky, Swenson & Watenpaugh, 1991; Wilke, Higaki, Craik & Fletterick, 1991; Quintana, Lipanov & Dickerson, 1991; Rini, Schulze-Gahmen & Wilson, 1992; Marmorstein, Carey, Ptashne & Harrison, 1992) .
The recent development of the rapid-freeze technique is derived from a method that has been used very effectively for some years to handle X-ray data collection from crystals of small-molecule compounds that are air/moisture sensitive or that readily lose solvent of crystallization. The crystals are not mounted in capillary tubes but instead are mounted directly at the ends of glass fibers and maintained in a nitrogen-gas cold stream throughout the course of data collection. The crystals are constantly bathed in nitrogen gas and therefore remain isolated from oxygen or water. Crystals that have a tendency to lose solvent of crystallization are prevented from doing so by virtue of the low temperature at which they are maintained. The problem of solvent loss from crystals of small-molecule compounds is similar to that encountered with protein crystals that consist of a large percentage of bulk solvent (Matthews, 1976) .
The present paper is divided into two parts. The first re-examines the question of radiation damage in protein crystals using monoclinic hen egg-white lysozyme (HEWL) and high-intensity synchrotron radiation. The problem is treated in a more quantitative manner than in past studies. The second section compares the refinements of monoclinic and tetragonal HEWL structures at both low and room temperatures. These four data sets were collected with a rotating-anode source.
The first section of the paper stems from our original low-temperature protein crystallographic studies (Dewan & Tilton, 1987) , which indicated that radiation damage was essentially eliminated in a rapidly frozen crystal when a conventional diffractometer with a sealed-tube source (2 = 1.5418 A) was employed. Only a small number of low-angle, and relatively intense, reflections are monitored under these circumstances and the question of whether high-angle data also remain free from the effects of radiation damage cannot be addressed specifically. Further work (Young et al., 1990) on the wiggler beam line, station 9.6 (Helliwell, Papiz, Glover, Habash, Thompson, Moore, Harris, Croft & Pantos, 1986) at the Daresbury Synchrotron Radiation Source (SRS) (2 = 0.865 A), suggested that the high-angle data from a rapidly frozen crystal are enhanced in intensity, and visual inspection of oscillation films at zero time and after 8 h of X-ray exposure suggested, in a qualitative sense, that radiation damage was eliminated across all resolution ranges. We report here on further experiments using synchrotron radiation on station 7.2 (Helliwell, Greenhough, Carr, Rule, Moore, Thompson & Worgan, 1982) at the SRS (2 = 1.488/~), which, in a more quantitative fashion, reveal that radiation damage is absent in both low-and high-angle data.
The second section of the paper stems from a continuation of previous work where sperm whale myoglobin (Mb) and bovine pancreatic ribonuclease A (RNase A) have been studied at multiple temperatures as part of the dynamics project alluded to above. Our current efforts are concentrated on two different crystalline modifications of HEWL (Blake, Koenig, Mair, North, Phillips & Sarma, 1965; Blake, Mair, North, Phillips & Sarma, 1967; Imoto, Johnson, North, Phillips & Rupley, 1972; Hogle, Rao, Mallikarjunan, Beddell, McMullan & Sundaralingam, 1981) and the results will be published elsewhere (Young, Tilton & Dewan, 1993) . In this latest work, X-ray data sets were collected to 1.9 • resolution from monoclinic and tetragonal HEWL crystals rapidly frozen at the end of a glass fiber at 100 K (MLT and TLT, respectively) and from monoclinic and tetragonal HEWL crystals mounted in capillary tubes at 298 K (MRT and TRT, respectively). A rotating-anode source (2 = 1.5418 A) was employed for data collection in each case. SA refinement (crystallographic refinement by simulated annealing with molecular dynamics) of these structures, using the program X-PLOR (Briinger, 1988; Briinger, Karplus & Petsko, 1989; Briinger, Krukowski & Erickson, 1990; Weiss, Briinger, Skehel & Wiley, 1990) and before the inclusion of solvent molecules, resulted in significantly higher R values for the low-temperature data sets than for the correspond- ing data sets at room temperature. After inclusion of solvent, however, refinement to convergence with PROLSQ (Konnert & Hendrickson, 1980) yielded reasonably similar R factors for both the low-and room-temperature HEWL structures.
Experimental
HEWL was obtained from the Sigma Chemical Company and used without further purification. Crystal data and unit-cell dimensions for monoclinic and tetragonal HEWL at 100 and 298 K are given in Table 1 . The enzyme comprises 129 amino-acid residues and has a molecular weight of ---14 600.
Crystals of monoclinic HEWL (M1 form) were grown according to published procedures (Steinrauf, 1959; Kurachi, Sieker & Jensen, 1976; Hogle et al., 1981) . The protein (25 mg) was dissolved in 0.05 M acetate buffer (1.5ml) at pH 4.6. A 5% solution (0.59 M) of NaNO 3 in buffer (1.0 ml) was then slowly added to yield a final solution that was 1% in protein and 2% in salt. Crystals grew after about 3 d at 293 K and those employed in the work described here had approximate dimensions of 0.40 × 0.75 × 0.20 mm.
Tetragonal HEWL crystals were grown using a slight modification of published procedures (Alderton, Ward & Fevold, 1945; Alderton & Fevold, 1946; Steinrauf, 1959) . HEWL (80 mg) was dissolved in 0.1 M acetate buffer (1.0 ml) at pH 4.8. A 10% solution (1.71 M) of NaCI (0.8 ml) was slowly added to give a final solution that was 4.44% in protein and 4.44% in NaCI. Crystals grew within 2d at 293 K and those employed in this work were approximately equidimensional with side length 0.50 mm.
Experiments at the Daresbury SRS
The synchrotron-radiation experiments were carried out on station 7.2 at the Daresbury SRS (Helliwell et al., 1982) under operating conditions of 2.0 GeV and currents ranging between 191 and 165mA. The wavelength of the radiation was 1.488 A and data were recorded using an Arndt-Wonacott camera on CEA double-coated Reflex 25 high-speed film with three films per cassette.
Two separate monoclinic HEWL crystals were employed, one for the work at low temperature (120 K) and another for the work at room temperature (298 K). Data were collected to 1.85 ,~ resolution in each case. The crystal at low temperature was mounted at the end of a glass fiber and rapidly frozen (Dewan & Tilton, 1987; Young et al., 1990) in the nitrogen-gas cold stream produced by an Oxford Cryosystems low-temperature device that was run at 100 K to give a temperature at the crystal of 120 K. The crystal was first removed from its mother liquor and transferred to neat Paratone-N oil and excess mother liquor was removed from its surface (Hope, 1988) . The crystal at room temperature was mounted in a capillary tube in the traditional manner.
Both crystals were mounted with b* approximately parallel to the rotation axis of the camera. In each case, three oscillation photographs were taken, beginning at an arbitrary 0 °, each over an oscillation range of 2.5 ° with the crystal rotated at 1.25 s(°)-~ with 10 repetitions. The crystal was then rotated to 90 ° and a further three oscillation photographs were taken, each over 2.5 ° . The actual time taken to collect the six oscillation photographs represented an X-ray exposure of --,3 min. The crystal was then exposed in the synchrotron beam for 60 min at 120 K and 8 min at 298 K, after which time the six aforementioned oscillation photographs were retaken for both crystals.
The exposure time for the room-temperature crystal was based on preliminary experiments that indicated, by visual inspection, that the diffraction pattern from monoclinic HEWL crystals began to show the effects of severe radiation-induced decay after --,30 min of X-ray exposure at room temperature. Exposures shorter than this were therefore necessary in order to process and compare the two room-temperature data sets in any meaningful manner.
Osollation films and 'stills' were digitized with a Joyce-Loebl Scandig-3 microdensitometer with a 50 ~m raster and 0.0 to 2.0 units optical-density range. Data processing was carried out with the MOSFLM package of oscillation-film processing programs developed at Imperial College (Leslie, 1990 ) and the CCP4 (1979) package of programs for protein crystallography. For the room-temperature data set, there were 3186 unique reflections at t--0 min and 3204 at t = 8 min, with 3184 of these being common to the two sets of reflections. For the low-temperature data set, there were 3769 unique reflections at t = 0 min and 3699 at t --60 min, with 3518 common to the two sets.
Data sets collected with the rotating-anode source
In the second section of the work reported here, X-ray data sets were collected to 1.9 ,~ resolution from monoclinic and tetragonal HEWL crystals at 100 K (MLT and TLT, respectively) and at 298 K (MRT and TRT, respectively). Each of the four data sets was collected using one crystal (Table 1 ). The fl angle in the monoclinic modification shrinks below 90 ° upon being rapidly frozen but this unit cell has been retained so that the MRT and MLT structures can be compared directly.
Unique data sets for the MRT, MLT and TLT structures were collected using a Rigaku AFC-5R diffractometer and a Rigaku RU-300 rotating-anode generator (2 = 1.5418 ,~) operating at 9.9 kW (55 kV, 180 mA). The MLT and TLT data sets were collected from crystals rapidly frozen at the end of a glass fiber, as detailed above for the SRS experiments, with the use of a fixed vertical nitrogen-gas low-temperature device from the Molecular Structure Corporation. The MRT data set was collected with the crystal mounted in a capillary tube. The o>scan technique was employed for all three structures with a variable scan width and fixed scan rate. Weak reflections with F < 8a(F) were rescanned several times with accumulation of counts to improve statistics. Stationary background counts were measured at either side of each reflection such that the peak:background ratio was 2:1. Three intensity standards were measured at regular intervals during the data collection. Details of data-collection parameters for all three structures are listed in Table  2 . The MLT and TLT data sets showed no decay but a radiation-damage correction was necessary for the 15% decay observed in the MRT data set. Data reduction, an Lp correction and an absorption correction based on ff scans were carried out with the TEXSAN package of programs from the Molecular Structure Corporation (1985) .
A room-temperature data set was also collected to 1.9A resolution from a tetragonal HEWL crystal (TRT) mounted in a capillary tube. These crystals are particularly radiation sensitive, especially when compared to the monoclinic modification, and attempts to obtain a complete data set of satisfactory quality from the one crystal, as described for the MRT data set, proved to be impossible. Data were therefore collected using a SDMS twin-area detector system (Hamlin, 1985) coupled to a Rigaku AFC-6R diffractometer and employing the same rotating-anode source described above. More rapid data collection as a result of the use of this detector system allowed a complete data set to be obtained from the one crystal. The two area detectors were set up at 20 angles of 32 and 26 °, respectively. The distance from the crystal to the first detector was 587 mm and to the second was 538 mm. The data were collected at 30 s per frame, where each frame was 0.1 ° in o9. Five runs, each with different values of Z, were carried out from -30 to +30 ° in o, corresponding to a total of 600 frames for each run. From oo to 1.9 A resolution there were 46 345 observations, corresponding to 8803 independent reflections. To 2,~ resolution, there were 45 132 observations and 8035 independent reflections. At 2 ,~ resolution, I/a(1) = 13.6 and at 1.9 ,~ resolution, I/a(I) = 13.3. The data set was 88% complete at 1.9 resolution and 94% complete at 2 ,/k resolution. This corresponds to a completeness of 61% for the shell from 1.9 to 2 ~. Three reject cycles were performed permitting outlying reflections to be discarded. The merging R factor for the data was 4.3% on I. Absorption and decay corrections were not applied.
Refinement of each structure was begun from room-temperature atomic coordinates obtained from the Protein Data Bank at Brookhaven National Laboratory (PDB) (Bernstein, Koetzle, Williams, Meyer, Brice, Rodgers, Kennard, Shimanouchi & Tasumi, 1977) . Entry 1LYM was used for the monoclinic refinement while 8LYZ was used in the tetragonal case. Initial stages employed the SA refinement procedure in the program X-PLOR (Brfinger, 1988; Briinger et aL, 1989 Briinger et aL, , 1990 Weiss et al., 1990) . Solvent molecules were excluded and only data between 6 and 2 A resolution with I > 2o-(1) were used. One cycle of SA refinement was carried out using a similar slow-cooling protocol to that of Brfinger et al. (1990) . The initial temperature for all four structure refinements was 3000 K with a final temperature of 300 K for the room-temperature structure and 100 K for the low-temperature structure. During this procedure, the individual B factors for each atom of the MRT and TRT structures were fixed at 15 A 2 while a value of 5 A 2 was employed for all atoms * Water molecules were not included in the SA refinement. R factors listed are for structures subjected to SA refinement followed by conventional positional and thermal-factor refinement. Data between 6 and 2 A resolution were employed.
~" R factors reported are for structures at convergence with water molecules included.
:[: Number of water molecules included in PROLSQ refinement at convergence. ¶ Data between 6 and 1.9 A resolution employed in all PROLSQ refinements at convergence. § Reflections included in refinement if I > na(1).
of the MLT and TLT structures. One round of positional refinement was then carried out followed by one round of refinement of individual atomic B factors. Under these refinement conditions, the MLT and TLT structures converged at significantly higher R values than the corresponding MRT and TRT structures (Table 3) . Refinement was continued with PROLSQ (Konnert & Hendrickson, 1980) , with reflections havin~g I > 2o-(I) being employed. Initially, data from 6 to 3 A resolution were used with data from 6 to 2.5 A, 6 to 2.25 A and finally 6 to 1.9 A being used in successive rounds. Only positional refinement was carried out in the first three rounds. Refinement of the individual isotropic atomic B factors was only undertaken once all the data from 6 to 1.9 A resolution had been included. PROLSQ refinement of all four structures was commenced from the coordinates and B factors obtained from the X-PLOR refinement of each structure. Very similar R factors to those obtained from the X-PLOR refinements were obtained with PROLSQ, before any solvent molecules had been included.
Location of solvent water molecules was begun at this stage and they were included as the largest peaks from difference-Fourier maps with coefficients [Fobs [ --[ Feat¢ I and phases calculated using the current model. All electron-density maps were examined using version 6.6 of the Rice University modification of FRODO (Jones, 1982) . The asymmetric unit of each structure was searched with the program PEAKMAX of the CCP4 package.
A varying number of solvent molecules was added in each round of refinement, from about 60 in the initial stages to about 20 in the later stages. Peaks were included in the next round of refinement if they also appeared on difference-Fourier maps calculated with coefficients 2lFobsl- [Vcalc [ and with OQalc as above and also if they made reasonable hydrogen-bonding contacts to protein atoms or other water molecules. A reasonable hydrogen-bonding distance was taken to be between 2.5 and 3.5 A. The positional and thermal parameters of the solvent molecules were then refined, along with the protein, although restraints were not applied to them. The occupancies of the water molecules were fixed at unity throughout and they were removed from the model if their B factor rose above a value of 50A z for the low-temperature structure and 65A z for the room-temperature structure. Less than 15% of the water molecules had B factors between 50 and 65 A2 in either of the room-temperature structures and very few were deleted from any of the structures because they had B values above these cutoff levels. There is a precedent for retaining water molecules with B--80A 2 in a room-temperature structure (Baker, Dodson, Dodson, Hodgkin & Hubbard, 1987 [Fca~c[ and ~cal~ , and these solvent molecules were checked to see that they remained within electron density on these maps. The maps that had been calculated with the new solvent molecules contributing to [Fcaic [ and ~c,~ were searched, as before, for a new set of solvent molecules and the process repeated until solvent molecules could no longer be assigned with confidence according to the criteria noted above. Protein atoms were continually checked at the graphics sessions and minor modifications made as necessary. All four structures converged to reasonably similar R values with approximately double the number of water molecules included in the low-temperature structures than in the corresponding structures at room temperature (Tables  3 and 4) . Side chains displaying evidence of alternative conformations were rare in the low-temperature structures reported here, with approximately three disordered side chains being observed per HEWL molecule. In each case, only one of the possible conformations was chosen for inclusion in the model. * R factor for data where I > 2tr(I). R = 16.2% for data where I > 5tr(I).
Results and discussion

Synchrotron-radiation-damage experiments
In general terms, the experiments at the SRS consisted of collecting a partial data set (-~ 3300 unique reflections in each case) from a monoclinic HEWL crystal (120 and 298 K) at zero time, maintaining the crystal in the synchrotron beam for an extended period at the prescribed temperature and then collecting the same set of reflections that was obtained at t = 0. If radiation damage is eliminated, these two sets of reflections should be identical within experimental error, whereas significant differences should be apparent if radiation damage has occurred. The procedure described was carried out on two different monoclinic HEWL crystals, one rapidly frozen at the end of a glass fiber at 120 K and the other mounted in a capillary tube at 298 K. The data from the radiation-damage experiments were examined in three ways and the results are presented in Fig. 1. A plot of scale factor against resolution (4 sin 2 0/22) for the two crystals is shown in Fig. l(a) . The data are grouped in resolution bins of width 0.015 A -2. The plot for the data at 120 K represents the scale factor between data collected at t = 0 min and again after 60 min of X-ray exposure. The scale factor required to put these two sets of reflections on the same scale is very close to unity (0.97) and indicates that the data sets are essentially identical and that the extended exposure of the crystal in the synchrotron beam has had practically no effect on the diffraction pattern. We conclude that no observable radiation damage has occurred over this period. Since the scale factor is similar over all resolution ranges, both low-and high-angle data remain free from radiation-damage effects. By contrast, the scale factors between the two data sets collected from the crystal at 298 K reveal that significant differences exist between these two sets of reflections. The effects of radiation damage are quite apparent at high resolution. The first set of reflections was again taken at t = 0 min. The second set was collected after only 8 min exposure in the synchrotron beam. The scale factor in the lowest-resolution bin is 1.07 and rises to 1.32 in the highest-resolution bin.
Scale factor against average F is plotted in Fig. l(b) , where data are grouped in bins with a width of F = 1000. Again, the scale factors between the two data sets collected at 120 K reveal that radiation damage is absent in both the weak and strong data. For the two data sets collected from the crystal at 298 K, however, it is apparent that radiation damage affects the weaker data to a greater extent than the stronger data. This is to be expected since the weaker reflections tend also to represent the higher-resolution data and these are the first to exhibit the effects of radiation damage.
A plot of mean fractional isomorphous difference against resolution (4 sinZ 0/22), with data again grouped in resolution bins of width 0.015A -2, is shown in Fig. l(c) . As before, the low-temperature data show no radiation-damage effects over the entire resolution range, whereas there is noticeable decay, particularly at higher resolution, in the room- [] Data collected from the crystal at 298 K at t = 0 and t = 8 min X-ray exposure. Calculations were performed with the program ANSC of the CCP4 (1979) package.
temperature indicates that radiation damage has occurred between these two data sets. The work reported here, from station 7.2 at the SRS (2 = 1.488 A), represents comparisons between data sets collected to 1.85 A resolution. In our previous work, on station 9.6 (2 = 0.865 A), data were collected to 1.27 A resolution (Young et al., 1990) . Monoclinic HEWL crystals were used in both cases. Visual inspection of photographs in the earlier experiments indicated that radiation damage was absent across all resolution ranges even though the crystal was exposed in the synchrotron beam for 8 h. The present work confirms these observations in a more quantitative fashion, albeit with data to 1.85 A resolution. It is reasonable to suggest, however, that radiation damage would also be absent in the data between 1.85 and 1.27 A resolution.
Refinement comparison of low-and room-temperature lysozyme structures
Refinement of the four HEWL data sets, which were collected with the rotating-anode source, was begun from room-temperature structures (1LYM and 8LYZ) obtained from the PDB using the SA refinement procedure in the X-PLOR program (Briinger, 1988) .
The MRT and MLT data sets were refined first. Both data sets had been collected on the same diffractometer (Table 2 ) but after runs through X-PLOR with solvent excluded, the R factors obtained we_re significantly different, with that for the MRT structure being R = 20.9% and that for MLT being R = 27.5% (Table 3) . Initially, it was suspected that there might be fundamental problems using SA refinement with data sets collected from rapidly frozen crystals, perhaps because of the extra ordered solvent expected in such structures. Previous experience with RNase A at low temperature had shown that there is a-significant increase in the amount of ordered solvent at lower temperatures (Tilton et al., 1992) . It was surmised that perhaps the SA refinement technique was moving protein side chains into the ordered solvent thus leading to the increase in the R factor of the SA-refined structures. Examination of the structures using computer graphics, however, showed no evidence of misplaced side chains. It would appear, therefore, that SA refinement of data sets collected from rapidly frozen crystals should pose no more problems than might be encountered in a similar refinement of room-temperature structures.
Following our observations with the monoclinic HEWL data sets, we rerefined an RNase A structure that had been collected to 1.5 A resolution from a rapidly frozen crystal at 98 K, using an Enraf-Nonius CAD-4 diffractometer (Dewan & Tilton, 1987; Tilton et aL, 1992) . This was subjected to SA refinement using the data from 6 to 2 A resolution where I > 2a(I), again with exclusion of solvent. The refinement converged to R = 26.0%, although the structure had been refined previously with PROLSQ to R = 17.1%, with inclusion of ,-,220 water molecules and two sulfate anions (Tilton et al., 1992) . Comparison with a room-temperature RNase A data set was not carried out but it was apparent that SA refinement of the rapidly frozen structures was converging to R values of ,-~25%, before solvent inclusion, whereas similar room-temperature structures were converging to R values of ,-~ 20%.
The TRT and TLT data sets were then refined. Again, before solvent inclusion, the TLT structure converged at a significantly higher R value after SA refinement than did the TRT structure. The value for TRT was R =20.6%, while that for TLT was R = 25.2% (Table 3) .
The comparison of the TRT and TLT data sets is somewhat more complicated than for the MRT and MLT structures, since the TLT data set was collected with a conventional single-counter diffractometer whereas radiation-damage effects meant the TRT data set had to be collected with an area detector. After removal of reflections with I < 2o"(1), there were 5958 reflections in the TLT data set but 7742 reflections in the TRT data set. Reflections with I < 5o"(I) had to be rejected in the room-temperature area-detector data set in order to obtain a similar number of reflections so that a direct comparison between R factors, given above, might be made (Table 3) . The difference of 1784 in the number of observed reflections with I > 2a(I) between the TRT and TLT data sets most probably arises because the area detector takes multiple measurements of the same, or symmetry equivalent, reflections leading to lower sigma values than is the case with the conventional diffractometer where reflections are generally scanned only once.
The reasons for the high initial R values, after SA refinement of the two low-temperature structures, were not obvious at this stage. Calculation of 2[Fobs[ --IFcalc[ electron-density maps for all four HEWL structures, after SA refinement and refinement with PROLSQ, revealed no problems with the protein structure and inclusion of solvent water molecules was therefore begun. Far more solvent molecules could be assigned in the low-temperature HEWL structures than in the comparable room-temperature structures (MLT = 406, MRT = 191, TLT = 237, TRT = 100). Inclusion of solvent in all four structures led to a somewhat more equal distribution of R factors at convergence (Table 3) . It is important to note that water molecules were added to the four structures until no more could be assigned with confidence, according to the criteria noted above in the Experimental section.
Water molecules were not included until the R factors of the low-and room-temperature structures were similar.
With solvent having been included, it became clear that the large differences in R factor obtained after SA refinement of the low-and room-temperature structures are due in part to the approximate doubling in the number of ordered solvent molecules that must be accounted for in the data sets from the rapidly frozen crystals (Table 3 ). The number of water molecules added per residue was 0.74 and 0.78 for the MRT and TRT structures, respectively, and 1.59 and 1.84 for the MLT and TLT structures. Br~ind6n & Jones (1990) suggest that for high-resolution structures, presumably at room temperature, a reasonable value is one water molecule added per residue.
We reported recently (Young et al., 1990 ) that the diffraction pattern from a rapidly frozen crystal of monoclinic HEWL exhibited a significant enhancement in the intensity of the high-angle data when compared to that from a similarly sized crystal irradiated at room temperature. In that work, employing synchrotron radiation, data to 1.27/k resolution were examined and the enhancement in resolution at low temperature was most marked between --. 1.50 and 1.27 A. While the refinements of the four HEWL structures reported here used data to only 1.9/k resolution, the current work strongly suggests that the enhancement in the high-resolution data may be partially ascribed to the increase in the amount of ordered solvent in the rapidly frozen crystal. A second contributing factor to the enhancement in resolution of the diffraction pattern from rapidly frozen crystals, provided that thermal effects dominate over static disorder, is the overall lowering of the B factors in such structures. Table 5 lists the average B factors for the six protein molecules of the four HEWL structures studied here. The reduction in the B factor, between the room-and low-temperature structures, averages 8.2 A 2 for main-chain (N, C~, C) atoms and 8.8 A 2 for all protein atoms. Theoretical arguments supporting an enhancement in resolution as the B factors decrease have been published elsewhere (Hope, 1988; Young et al., 1990) . The synergy between increasing order in the water structure and the B-factor behavior observed in the protein is worthy of further study.
In the SA refinements, all four structures reported in Table 3 were subjected to slow cooling from 3000 K with a final temperature of 300 K for the roomtemperature structures and 100K for the lowtemperature structures. At one stage, the MRT structure was subjected to SA refinement, starting with the PDB coordinates (1LYM) and with solvent excluded, and the slow cooling was begun at 1000 K. This led to a higher final R, 24.6% compared to the 22.7% obtained when slow-cooling was begun from 3000 K. An insignificant improvement was observed in the final R factor if SA refinement was begun from 4000 K. Although the temperatures referred to in the slow-cooling phase of SA refinement are not physical temperatures, the MLT and TLT structures were cooled to 100 K since this was close to the temperature at which the data were collected. Ceasing SA refinement of the low-temperature structures at 300 K, however, had insignificant effects on the R factors obtained and slow-cooling to 100 K was not necessary. One possible difference between the low-and room-temperature data sets that needs to be considered is that crystalline order may deteriorate upon rapid freezing. We have observed that high-angle data may, on occasion, exhibit splitting of the reflections or poor spot shape (Young et al., 1990) . In such cases, these effects tend not to be particularly pronounced in the low-angle data, at least by visual inspection. This problem is obvious on film but whether it would be detected on a single-counter diffractometer, where, traditionally, several lowresolution reflections are scanned to determine crystal quality, remains an open question. Certainly, it has been our experience with conventional diffractometers that crystals sometimes fail to diffract upon being rapidly frozen and that low-angle data can, on occasion, show splitting. Such crystals are obviously discarded. For the MLT and TLT crystals employed in this work, og-scans of three or so low-resolution reflections showed no evidence of splitting. As far as we could ascertain, therefore, these two crystals had not been adversely affected by being rapidly frozen. A new development has recently been published that mounts the protein crystal in a free-standing film held in a metal loop prior to rapidly freezing it (Teng, 1990) . This may well lessen the problems of increased mosaic spread and crystal deterioration that can occur with rapidly frozen crystals.
Stability of standard reflections during low-temperature data collection
In a previous publication, we reported radiationdamage effects in data colleCted at low temperature from two RNaseA crystals using an Enraf-Nonius CAD-4 diffractometer (Dewan & Tilton, 1987) . The average of three intensity standards plotted versus X-ray exposure time for a crystal mounted in a capillary tube showed a regular linear decrease. A similar plot of the standards for a rapidly frozen crystal mounted on a glass fiber, while generally averaging a value close to zero decay, tended to be far more scattered than was the case for the capillary-mounted crystal. We now believe that this difference in the stability of the standard reflections is due to the greater sturdiness of the capillary tube compared to the glass fiber, the latter tending to move in the nitrogen-gas stream of the low-temperature device. Following :the suggestions of others (Extine, 1987; Muchmore, 1987) , we now use a more stable mount that could best be described as a rigid glass tube rather than a fiber. The distinction between the two is that the glass tube (diameter ~0.4rnm) is produced by heating and drawing out a Pasteur pipette whereas the fiber (diameter ~0.1 mm)is made by drawing out a glass rod. In recent work, using a Rigaku AFC,6S diffractometer, the intensity standards for an RNase A data set collected from~a rapidly frozen crystal in a MeOH'H20 mother liquor are far more steady (Fig.  2 ) than in our previous work. Both data collections employed Cu Kc~ radiation (2 = 1.5418 A) produced by sealed-tube sources, Huber goni0meter heads and fixed vertical nitrogen-gas low-temperature devices. The only appreciable difference is that an EnrafNonius low-temperature device and a thin glass-fiber X-RAY EXPOSURE (hours) Fig. 2 . Percentage decay (average of three intensity standards) versus X-ray exposure time (h) for an RNase A crystal rapidly frozen at the end of a glass fiber. The mother liquor was a MeOH:H20 mixture (30:50) and data were collected from oo to 1.5A resolution at 120 K (--.23 000 reflections).
crystal mount were used in the earlier work while an MSC/Rigaku low-temperature device and a more rigid hollow-glass-tube mount were used in the more recent work. Obviously, a glass fiber of increased diameter would also suffice for this purpose but the observation does highlight the importance of a rigid mount for the crystal under study. Although the present data set (Fig. 2) involved an X-ray exposure of only 5.3 d, whereas the previous work involved a 28.3 d exposure, it is clear that the standards appear much steadier in this latest data set. Atomic coordinates and observed structure factors have been deposited with the PDB.*
